Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of cancer death worldwide, and the second in China (Beasley, 1988; Caporaso et al., 1991) . HCC almost always develops in association with chronic hepatitis virus infection or liver cirrhosis (Colombo, 1999; He et al., 2005; Parkin et al., 2005) . Diagnosis of HCC carries an extremely poor prognosis because of the high frequency of tumor recurrence or distant metastasis following surgical resection (Portolani et al., 2006) . Nevertheless, surgery remains the best current treatment for HCC. The rate of HCC recurrence and/or metastasis following radical resection is 61.5% for large tumors and 35.4-43.5% for small tumors Mo et al., 2003) . Multiple genes and factors are likely involved in the processes underlying HCC recurrence and metastasis, and elucidating their specific molecular mechanisms could aid the search for effective novel therapies and improve outcomes for HCC patients.
Reports have indicated that Notch signaling is involved in HCC carcinogenesis. Deregulation of Notch receptors and/or ligands with subsequent aberrant activation of Notch signaling has been found in a series of malignant tumors (Lindsell et al., 1995; Ranganathan et al., 2011) . Hairy and enhancer of split 1 (Hes-1) protein is a downstream target of Notch signaling and is a basic helix-loop-helix transcriptional repressor (Dailey et al., 2013; Kaushik et al., 2014) . Despite the increase in Notch-1 and Hes-1 gene expression that has been reported in HCC samples (Cantarini et al., 2006) , the relationship of Notch-1 and Hes-1 protein expression with overall survival (OS) and time to recurrence (TTR) of HCC patients has never been reported. Furthermore, no definitive investigations have reported the influence of Hes-1 in HCC cell lines.
In this study, we have studied Notch-1 and Hes-1 expression patterns in several HCC cell lines with varying metastatic capacity, and examined the influence of Hes-1 expression in a HCC cell line. We have also investigated the correlation of Hes-1 protein expression levels with OS and TTR of HCC patients following surgical resection.
Materials and Methods

Cell culture
The human HCC cell lines used in this study (MHCC97-L (low metastatic potential), MHCC97-H and HCCLM3 (both with high metastatic potential)) were established at the Liver Cancer Institute, Zhongshan Hospital, Fudan University, Shanghai, China (Tian et al., 1999) . Hep3B (very low metastatic potential) was obtained from American Type Culture Collection, Manassas VA. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco), supplemented with 10% fetal bovine serum (FBS; GIBCO) and were incubated at 37°C in a humidified atmosphere of 5% CO 2 .
RNA purification, notch signaling pathway RT2 profiler PCR array, real-time PCR Total RNA was prepared using the RNeasy Mini Kit (Qiagen), converted into double-stranded cDNA, and used for RT-PCR array (APHS-059A, SuperArray Bioscience Corporation, Frederick, MD) analysis or quantitative RT-PCR. For cDNA synthesis, 1.5 μg of RNAs was synthesized using random hexamers and reverse transcriptase according to the manufacturer's protocol (Invitrogen). Real-time PCR reactions were performed using a Mastercycler ep realplex PCR system (Eppendorf) according to the manufacturer's recommendations.
All mRNA expression levels were normalized to the expression level of GAPDH RNA in all quantitative RT-PCR experiments. The specific primers used were as follows: Notch-1: 5'-CAGGCAATCCGAGGACTATG-3' and 5'-CAGGCGTGTTGTTCTCACAG-3'; Hes-
Western blot analysis
Protein was extracted from the cell lysate and separated by electrophoresis on 12% SDS-polyacrylamide gels. Proteins were then transferred for 2 h at room temperature to polyvinylidene difluoride membranes (Millipore) at 50 mA using a Tris-glycine buffer system. Membranes were blocked for 2 h in a solution of 10% milk powder in 0.1% Tween-20 in TBS (TBS-T) before primary antibodies against Notch-1 and Hes-1 (both used at 1:2000; Epitomics) were added and membranes were incubated overnight at 4°C. After washing with TBS-T, the secondary antibody (KPL 1:5000) was added and incubated for 2 h at room temperature was conducted. Following membrane washing, proteins were visualized with BeyoECL Plus (Beyotime Institute of Biotechnology, Haimen, China).
RNA interference
The vector constructs pGCSIL-GFP-shRNA-Hes-1 were produced by Shanghai Genechem Company Ltd., Shanghai, China. Three individual shRNA-Hes-1 vectors (pGCSIL-GFP-shRNA-Hes-1) were produced to silence the expression of Hes-1 in MHCC-97L cells (shRNA-Hes-1-MHCC-97L). Three shRNA targeting sequences for Hes-1 were used: 1) 5'-TGCATGACCCAGATCAATG-3', 2) 5'-ACGTGCGAGGGCGTTAATA-3', and 3) 5'-TCATCAAAGCCTATTATGG-3', and were designated 8897, 8898, 8899, respectively. The mock shRNA lentiviral construct (LV-GFP) was used was control.
Transfection of shRNA constructs into MHCC-97L cells was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Stable transfectant clones were selected by addition of 2.0 μg/ml puromycin (Invitrogen) and characterized by quantitative RT-PCR and immunoblotting to determine the expression levels of Hes-1 mRNA and protein.
Cell proliferation, apoptosis, cell migration and matrigel invasion assays
Cells were aliquoted into a 96-well plate (2.0×10 3 / well) and incubated for 12 h at 37°C under 5% CO 2 . Mock control (LV-GFP) and shRNA-Hes-1 (8897 and 8898) and treated with Hes-1 shRNA for 6 h. After replacing the medium with 100 μL DMEM containing 10% FBS, 10 μL CCK-8 solution (Dojindo) was added at indicated time points and plates were incubated for a further 2 h. The absorbance at 570 nm was measured to determine the number of viable cells in each well. All experiments were performed a minimum of three times.
Apoptosis was measured using an Annexin V-APC/7-AAD kit accordance with the manufacturer's protocols (KeyGen Biotech, Nanjing, China). Briefly, cells were re-suspended in the binding buffer provided and reacted with 5 μl annexin V/FITC reagent and 5 μl of propidium iodide for 15 min at room temperature in the dark. Stained cells were analyzed by flow cytometry (BD FACSCalibur, BD Biosciences, Bedford, MA).
Cell migration and matrigel invasion analysis was performed using a Transwell (Corning, NY). Forty-eight hours after transfection with RNA interference constructs, the filters coated with matrigel (BD Biosciences) in the upper compartment were coated with 100 μL of medium containing 1×10 5 cells, and the lower compartment was filled with 500 μL of conditioned culture medium, which was mixed with DMEM supplemented with 10% FBS. After 36 hours, cells that had migrated to the bottom surface were fixed with ethanol neutral formalin Giemsa stained for counting. All experiments were performed at least three times.
Patients and follow-up
Tumor specimens used in this study were chosen from 108 HCC patients who underwent liver resection in the Liver Cancer Institute, Zhongshan Hospital, Fudan University between January 2000 and July 2004. Patients were subjected to follow up every three months until March 2010. The median follow-up period was 58.5 months (range: 2-122 months). All patients were prospectively monitored by serum AFP assay, abdominal ultrasonography, and chest X-ray every 1-6 months depending on the postoperative time. A computed tomography scan of the abdomen was performed every six months. OS was defined as the time interval between surgery and death or last follow up. The TTR was calculated from the date of tumor resection until the detection of tumor recurrence, death or the last observation.
The study methodologies conformed to the standards set by the Declaration of Helsinki. Ethical approval was obtained from the Zhongshan Hospital Research Ethics Committee and written informed consent from each patient were obtained.
Immunohistochemistry and score evaluation
Tissue microarrays were constructed as reported previously (Jin et al., 2013) . Using 108 specimens, tissue cylinders with a diameter of 1.0 mm were punched from the marked areas of each block and incorporated into a recipient paraffin block. Sections 4-μm thick were placed on slides coated with 3-aminopropyltriethoxysilane. Paraffin sections were deparaffinized in xylene and rehydrated through decreasing concentrations of ethanol (100%, 95%, and 85%, 5 min each). Antigens were unmasked by microwave irradiation for three min in pH 6.0 citric buffer and cooled at room temperature for 60 min. Endogenous peroxidase activity was blocked by incubation of the slides in 3% H 2 O 2 /phosphate-buffered saline, and nonspecific binding sites were blocked with goat serum. Primary antibodies against Notch-1 and Hes-1 (both used at 1:2000; Epitomics) were used for immunohistochemistry. An EnVision detection kit (GK500705: Gene Tech, Shanghai, China) was used to visualize tissue antigens. Tissue sections were counterstained with hematoxylin for five min. Negative control slides omitting the primary antibodies were created for all assays. Immunohistochemical staining was assessed by two independent pathologists without knowledge of patient characteristics. The immuno-scoring procedure was as follows: the staining intensity was first scored (0, negative; 1, weak; 2, moderate; 3, high) and then the percentage of positive cells was scored (0, 10% positive cells; 1, 10-25% positive cells; 2, 26-50% positive cells; 3, >50% positive cells). The final score of each sample was obtained by addition of both staining and percentage scores. Samples were classified as negative when the final scores were 0 (−) and when 1-2 as weakly positive (+), 3-4 as moderately positive (++), and more than 5 as strongly positive (+++). For statistical analysis (−) and (+) were defined as low expression, while (++) and (+++) were defined as high expression.
Statistical analysis
Statistical analyses were carried out with SPSS 12.0 software (SPSS, Chicago, IL, USA). Quantitative variables were analyzed by Student's t test or MannWhitney test. Experimental data were presented as the mean of each condition±SD or SEM and p<0.05 was considered statistically significant. Univariate and multivariate analyses were based on a Cox proportional hazard regression model. The variables showing significance (p<0.05) by univariate analysis were adopted when multivariate Cox proportional hazards analysis was performed.
Results
Screening of notch expression profiles in HCC cell lines with different lung metastasis potential
We first screened the expression of Notch factors in MHCC97-L (low metastatic potential) and HCCLM3 (high metastatic potential) cell lines using the Human Notch Signaling Pathway RT2 profiler PCR Array. Six upregulated and twelve downregulated genes of interest were identified. Of these, eight genes had significant differences in expression (p<0.05). The upregulated genes were ccnd1, hes-1, notch-1, and nr4a2, while fzd1, hoxb4, notch-3, and SHH were down-regulated ( Figure  1A ). Relative expression ratios are shown in Figure 1B , C.
We next performed Notch-1, Hes-1 mRNA and 
Effect of Hes-1 down-regulation on in vitro proliferation, apoptosis, and invasive activity of MHCC-97L cells
We used RNAi to silence the Hes-1 gene in MHCC-97L cells and observe the effect of Hes-1 down-regulation on HCC cell proliferation, apoptosis, migration and invasion in vitro. GFP expression in cells transfected with shRNA constructs was visualized by fluorescence microscopy 72 h post-transfection (Supplementary Figure  1A) . Both RT-PCR (Supplementary Figure 1B) and western blot (Supplementary Figure 1C) demonstrated that LV-HES1-RNAi (8997) and LV-HES1-RNAi (8998) had superior knockdown efficiency. We therefore used these two constructs for further experiments.
Assessment of cell proliferation identified that proliferation of MHCC-97L cells was enhanced by transfection with LV-HES1-RNAi (8997) and LV-HES1-RNAi (8998) (Figure 2 A) .
Next, cell invasion was measured using matrigel coated transwell-invasion chambers. The number of migratory MHCC-97L cells significantly increased with transfection of LV-HES1-RNAi (8997) or LV-HES1-RNAi (8998) compared with LV-GFP (Figure 2 B; p<0.01 for both).
To further elucidate the influence of Hes-1 downregulation in MHCC-97L cells, we measured apoptosis 72 h after transfection with Hes-1 shRNA lentiviral plasmid constructs. Annexin V/PI tests revealed that downregulation of Hes-1 dramatically restrains cell apoptosis (p<0.01; Figure 2 C).
Prognostic significance of Notch-1 and Hes-1 in HCC patients
We finally examined the relationship between Hes-1 expression in tissue samples from HCC patients and a variety of clinical parameters. A tissue microarray was constructed using 108 HCC tissues and Hes-1 protein was detected by immunohistochemistry (Figure 3 ). Hes-1 expression level correlated with tumor number (p=0.044), tumor differentiation (p=0.001), and serum α-fetoprotein (AFP; p=0.001), while no correlation with age, sex, liver cirrhosis hepatitis B virus antigen , tumor size, vascular invasion, lymphoma metastasis, encapsulation, TNM, or Barcelona Clinic Liver Cancer was observed (all p>0.05).
The Kaplan-Meier method was used to analyze the relationship of low and high Hes-1 expression with OS and TTR of HCC patients, and expression of Hes-1 in HCC significantly correlated with a favorable prognosis (Figure 4) . The median OS time of patients with high Hes-1 expression was significantly higher than that for low Hes-1 expression HCC patients (26 vs 79 months, p=0.016). The time to recurrence time for low Hes-1 expression in HCC patients was shorter than that for high Hes-1 expression HCC patients (median TTR for low vs high=15 vs 62 months, p=0.017). Further Cox proportional hazard model analysis demonstrated that Hes-1 was an independent prognostic indicator for OS (p=0.009, Table 1 ).
Discussion
Current research has not described a clear role for the Notch signaling pathway in HCC, and there are some discrepancies between studies. Qi et al. have reported that Notch-1 signaling may negatively influence the development of HCC. They showed that Notch-1 overexpression inhibited HCC cell growth both in vitro and in vivo. Consistently, Notch-1 signaling induces cell cycle arrest and apoptosis in human HCC through regulation of Cyclin A1, Cyclin E, CDK2, phosho-Rb, p21waf/cip1, p53 and JNK (Qi et al., 2003) . In contrast, however, Croquelois et al. used a conditional Notch-1 knockout mouse model to investigate the role of Notch-1 signaling in liver cell proliferation and differentiation and showed that deletion of Notch-1 led to continuous proliferation of hepatocytes (Croquelois et al., 2005) .
Hes-1 mRNA expression is frequently used as an indicator of Notch signaling activity and Notch-1/Hes-1 activation has been implicated in multiple human cancers (Weng and Aster, 2004; Liu et al., 2007; Kannan et al., 2011) . In addition, Ye et. al. reported Notch-1 silencing enhances docetaxel induced mitotic arrest and apoptosis in prostate cancer cells (Ye et al., 2012) . However, the role of Hes-1 in HCC cell lines and in tissue samples from HCC patients has, to our knowledge, not previously been reported. Our study confirms that a reduction of Notch-1 and Hes-1 expression is present in Hep3B, MHCC-97L, MHCC-97H, and HCCLM3 cells with elevated lung metastasis potentials at both the mRNA and protein levels.
We used RNA interference to downregulate the Hes-1 gene in the MHCC-97L cell line and observed that Hes-1 knockdown resulted in increased cell proliferation, inhibited apoptosis, and increased migration and invasion in vitro. This is the first report to explore the influence of downregulation of Hes-1 protein expression on HCC cells, and indeed on any cancer cells. Additionally, the prognostic value of Hes-1 in human HCC has not been previously reported. Mann et al. have previously examined components of the Notch signaling pathway including Notch-1, -3, -4, Hes-1, and Hey-1 in HCC. However, they did not observe any significant association between Hes-1 expression and OS or disease-free survival. In contrast, Kaplan-Meier analysis in our study revealed that the OS rate of HCC patients following surgery was greater in patients with higher Hes-1 expression. Additionally, those patients with high Hes-1 expression were less likely to experience tumor recurrence. Further Cox proportional hazard model analysis also showed that Hes-1 was an independent prognostic indicator for OS and TTR.
In conclusion, Hes-1 expression is decreased in HCC cell lines that have higher lung metastasis potential. Down-regulation of the Hes-1 gene in MHCC-97L cells resulted in increased cell proliferation, inhibited apoptosis, and increased migration and invasion. Finally, Hes-1 has a potential prognostic values in HCC patients following surgery, and may be an independent prognostic indicator for OS and likelihood of tumor recurrence.
